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(54) Electradelonizatlon apparatus and process for purifying a liquid; 



(57) An electrodeionization apparatus has a cath- 
ode compartment (10, 32, 64) and an anode compart- 
ment (34, 66) tor removing ions from a liquid (26, 46, 74) 
under the influence of an applied voltage* and the cath- 



ode compartment (10. 32. 64) includes elecitrically con- 
ductive particles (18) sudtx as metal parttcles and/or 
carbon particles. 
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Description 

Thfe irwentibrr relates to a novel electrodeionization module adapted to trar^r ions in a liquid under the inf luenoe 
water reacha isblijbility limiL 

Ca'^ + COa'oCaCOa. tCa'niCOa'']^ 
Furthermae.thele.elofC032-««teri8fumaionoflhepHcrfthewalerarKlthe^^^^^ 

35 2 + - tHCOs'l K (2) 
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By corrtoining the equations above, the scale potential relative to calcium and bicartx,nate concentrations and the 
pH of the water is defined. 

[Ca=^^]tHC03] (3) 

= Ksp '^1 

[H*l 

sign-SsL iX pH 0. the waste water stream. The reactions occurring at the electrodes are bek«,. The 
generation of OH: at the cathode creates an area of Ngh scale potential. 

55 Anode Reaction 

2H20»4H* + 4e+02 2a»2e +CI2 
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Cathode Reaction — 

;2H2O+2e»20H- + H2 (5) 

5 Water splitting within the diluting compartments Is an additional source of OH" within the electrodeionization mod- 
ule. In the concentrating compartment where OH* is entering through the anion membrane and especially along the sur- 
face of that anion membrane is were pH can become high resulting In areas with high risk of scale formation. Since pH 
is the negative log of the H*^ concentration, what appears to be a smalt change in pH will have a significant impact to 
scale potential. For example an inaease in one pH unit will increase the scale potential by a factor of 10. 

10 Formation of scale within the electrodeionization module will result in a very high electrical resistance and blocked 
flow channels leading to a quick decline in water quality produced. Several methods or combination of methods pres- 
. entiy are used to reduce the risk of scale In an electrodeionization module. In a first method water is pretreated before 
r It enters an electrodeionization module to reduce the levels of Ca^^ and/or HCO3: or to deaease pH thereby reducing 
= the potential to. form scale. For example, a properly functioning ion exchange softener will reduce Ca^* levels by 

15 exchanging 2Na* for the Ca^* in the feed waten The solubility of fsla2C03 is very high with almost no risk of scale for- 
mation. The softener is regenerated by treating the resin with high concentrations of NaCi. Although a very effective 
. method to reduce scale potential, softening has had limited success with the electrodeionization product. Improper 
ij maintenance, increases in feed water Ca^* levels, and/or increases in the volume of water treated results in high leak- 
age of Ca^+ and subsequent scaling of the electrodeionization module. In addition, the added cost and the size of a sof- 

20 : tener resin tank and salt regerieration tank are not desirable and espedally does not fit with the concept of the compact, 
reliable and easy to use approach desired for a smaller laboratory water system. . . 

In a second pretreatment process, reverse osmosis (RO) is used to remove greater than 90 to 95% of the Ca?* and 
HCO3" in the feed water thereby significantly reducing the potential to form scale. However, in locations where the Ca^* 
and HCO3" levels are very high, (over 100 ppm of Ga^* feeding the RO), enough Ca^* and HCOs" pass the RO so that 

25 an electrodeionization module can still suffer from scale formation. In these locations the current technology is forced 
to use softening to pretreat tiie RQ prior to electrodeionization. 

A commercially successful electrodeionization apparatus and process is described in U.S. Pat. No 4.632.745. The 
apparatus utilizes ion depleting compartments containing an ion exchange solid composition and a concentrating com- 
partment which is free of ton exchange solid material. The electrodeionization apparatus includes two terminal elec- 

30 trode chambers containing an anode and a catiiode respectively which are utilized to pass direct current transversely 
through the body of the apparatus containing a plurality of ion depleting compartments and ion concentrating compart- 
ments. In operation, the dissolved Ionized salts of the liquid are transferred tiirough the appropriate membrane from the 
ion depleting compartments to tiie ion concentrating compartments. The ions collected in the ion concentrating com- 
partments are removed through discharge outlete and are directed to waste. The deposit of insoluble scale within the 

35 cathode compartment has been a problem associated witii this process. 

It has been proposed in U.S. Pat. No. 3,341 ,441 , in an electrodialysis process, to reverse periodically the direction 
of current flow jn which case, the electrode once serving as the cathode becomes the anode while tiie anode chamber 
becomes the cathode. The solution flowing through the anode chamber becomes acidic due to anodic electrolytic 
action, and the acid tiius formed tends to dissolve a small portion of scale formed tiierelh during the time the electrode 

40 was cathodic. In the process the flow is reduced or stopped and thus ttie acid generated within the anode chamber is 
allowed to attain a suff icientiy high concentration in the chamber so as to dissolve precipitated scale formed therein dur- 
ing the electrode s previous cathodic cycle and thereafter, reversing the polarity of the direct current is perfamed at 
periodic intervals. In a preferred form of the process, a Uiird step is also emptoyed comprising continuously flushing tiie 
catiiode conpartment with a sufficientiy large volume of electrolyte solution to quickly remove any base generated 

45 therein. When the direct cun-ent is reversed, the ion depleting compartments become tiie ion concentrating compart- 
ments and tiie ion concenb-ating compartments become the ion depleting compartments. This process can be undesir- 
able since a large volume of liquid being purified must be discharged to waste in a time interval immediately following 
voltage polarity reversal since tiie concentration of electrolyte in the newly formed ion depleting compartments is too 
. . high for a period of time to render the purity of the liquid product acceptable. 

so It has also been proposed in U.S. Patent No 4.956.071 to utilize voltage polarity reversal In an electi-odeionization 
process in order to reduce scale formation. In the process, the voltage through the process is periodically reversed, typ- 
ically every 15 to 20 minutes, witii tiie voltage polarity in a given directfon being approximately 50% of the time of proc- 
ess operation. With each voltage polarity reversal, the dilution compartments become concentration compartments and 
the concentration compartments become dilution compartments. As a result of the voltage polarity reversal, several 

55 valves are needed in tfie system for distributing the streams. Two valves typically are needed to direct tiie appropriate 
dilute stream to the f inal point of use. In addition. conti^ol means for tiiese valves may be required to direct water to drain 
until acceptable purity levels are reached. In addition, one or two additional valves typically are used to control flow rates 
to electi'ode streams in order to optimize pH shifts and scale prevention. This patent discloses that an electrode spacer 
having an ion permeable membrane and positioned adjacent to anode and cathode optionally can be filled with ion 
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exchange resin. nc 

Additional electrodeionization apparatus are disdosed by U.S. Patents 5.154.809; 5.308.466 and 5.316.637. 
Patent 5308466 discloses an electrodeionization apparatus utilizing concentration compartments containing ion 
exchanm resin. The advantage provided by ion exchange resins in the concentrating compartments is improvwl per- 
L«n?e and. specHically for improved removal or separation of highly Charged, large 

ized species, silica, sulfate, caldum. heavy metals, and polar and ionized organws. The patent does not discuss the 
effect on scale formation as a result of utilizing resins in the concentrating com^rtments. ^ . 

U S Patent 4 226.688 discloses an eledrodialysis apparatus including a cathode compartment and an anooe com- 
oartment A condiietive slurry of carbon partides is continuously transferred between «ie electrode co'^rtments at a 
ratedatieastlml/min/ per cm2 of electrode area. Hydrogen produced atthecalhodeconr^ 
carbon particles and released at tiie anode compartment. Scale production and corrosion problems are reduced by this 
orocess The process is undesirably complex in that it requires pumping, conduits and control apparatus. 

Accordingly, it would be desirable to provide an electrodeionization process whidi minimizes or prevents scate^ 
mation. In addition, it would be desirable to provide sud. a process which does not require a complex piping valving. 
pumping and control system for directing a newly produced dilute stream to a point of final use or to transfer scale 
redudnq compositions between eledrode components. , ^ 

The present invention is based upon ttie discovery tiiat the inclusion of electrically conductive particles such as 
beads granules or fibers in the cathode compartment signif icantly reduces scale formation when operating an electro- 
deionization device having anode and cathode compartments. The reduction in scaling in tiie ca^ode^-^^^llfi^ 
results irom the formation of lower local concentiations of hydroxide ion in the cattxxle «?mpartment wh.^ is atert«l 
by electron transfer from the cathode to a large surface area of electrically conductive partides m the <f^^°^V^ 
ment. The large surface area of electrically conductive partides reduces the local concentrati^ 

by increasingthesurteceareaoverwhidittie hydroxide isconcentrated. This erw^^ 
trations do not occur. The significantiy reduced potential for scale formation is attained without the need lor addHional 
25 mechanical control or storage apparatus. • ^ 

Preferred embodiments of the present invention will now be described with reference to the accompanying draw- 
ings, in which: 

f=igure 1 is a partial cross-sectional view of tiie filled cathode compartment of this invention ; 
Figure 2 is a sdiematic diagram of an electrodeionization process utilizing the apparatus of this invention ; 
Figure 3 is a schematic diagram of an alternative eledrpdeionization process utilizing ttie apparatus of this inven- 

Rg"uie 4 is a schematic diagram of an alternative eledrodeionization process utilizing ttie apparatus of this inven- 

Rg"iie 5 is a schematic diagram of an alternative etedrodeionization process utitizing the apparatios of this inven- 

R^iie 6 is a schematic diagram of an alternative electrodeionization process utifizing flie apparatus of this inven- 

Fraure 7 illustrates the effect on pH in the cathode compartment as a result of this invention ; and 
Figure 8 is a sdiematic diagram of this invention wherein the concentrating compartments are only the anode com- 
partinent and tiie cathode compartment. 

In accordance with this invention, an electrodeionization apparatus and process are provided which utilize a rath- 
ode compartmentfflled with high surface area partides whidi conduct electrons sudi as caiton and/or '"sj' beads, 
granules or fibers or the like. The eledrodeionization apparatus, can comprise oneor a plurality of sfages^Ea* stage 
comprises an anode compartment positioned at an end of a stad< of depleting and '^^^^J^ 
sitefrom an end at whi* tiie filled cathode compartment is positioned. The anode and cathaJe indudes an eledrode 
spacer for passage of electrolyte and an ionpermeaWe membrane. Only the spacer of «ie cathode compartment nee* 
be filled with ttie electron condudive partides. However. H desired, ttie anode compartinent also can be ^"edj^tii «i« 
eledron conductive partides. The remaining portion of each stage comprises a senes d 

centration conpartments. The depleting compartments contain ion exchange resin. The Iquid to be depleted of lors 
can be passed in series, parallel or a combination of series and parallel through each depleting compartment in eadi 
stage while a second eledrolyte liquid is passed ttvough eadi concentrating ^onp^ent in each stage m^^^^^^^ 
eff«S transfer d ions from the first liquid in ttie depleting compartment to ttie second eledrc^^^^ 
ing compartments The concentrating compartment may also certain ion exchange resin. men a pl^^^^^^ 
utilized, the liquid removed from depleting comparbnents in an upstream stage can bedireded in senes intothed^et- 
ing compartments of ttie next adjacert downstream stage. Similarly, ttie liquid removed from the concentrating compart- 
ments of an upstream stage can be directed in series to the concentrating compartments in ttie "®*fdjacert 
downstream stage. These individual streams also can be split into multiple streams to feed a number of compartments 
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in a parallel flow configuration. Electrolyte can be obtained from the feed product, neutral, or concentrate streams or 
from an independent source and passed through a spacer adjacent to each electrode in the elec&pdeionization appa- 
ratus and is removed from the electrodeionization apparatus. A neutral zone is a zone where little or no ion concentra- 
tion or ion depletion occurs. Optionally, electrolyte from the spacer adjacent to the electrode can be passed through one 

5 or more neutral zones or to the concentrate stream prior to being directed to waste. In accordance with this invention, 
scale build up within the cathode is prevented by including therein materials which conduct electrons. Materials which 
conduct electrons provide improved control of or prevention of scale in the cathode as compared with particles which 
conduct ion spedes such as ion exchange resin particles. However, the materials utilized to conduct electrons also can 
contain a small amount i.e. less than about 10 weight percent of particles vvhich conduct Ion species based upon the 

w total weight of particles without significantly reducing the effectiveness of the electron-conducting particles. The electrf- 
cally conductive particles significantly increase the total effective surface area of the catiiode. As a result, the electrode 
reaction and tiierefore the hydroxide ion produced is distributed over a signif icantiy larger area so tiiat tiie local hydrox- 
ide ion concentration and therefore the local pH is signif icantiy reduced to a level wherein scale formation is muiimized 
orprevented. 

75 The electron conducting particles comprising carbon and/or metal particles can be formed in any convenient con- 
figuration which provides a high surface area of the particles. Thus, tiie particles can be beads, granules, fibers or the 
like. In addition, the particles can be unsupported or supported on a matrix such a wov^ or nonwoven fibers such as 
polymeric fibers which are positioned within the liquid in the cathode compartment 

Referring to Rgure 1,?a cathode conpartment 1 0 of this invention which is utilized with an electrcideionization appa- 

20 ratus is shown. The catiiode compartment 10 includes a catiiode plate member 12. a connection 14 to be connected 
to a source of DC voltage, an ion permeable membrane 16 and electrically conductive material 18. The electrically con- 
ductive material 18 provides a substantially increased effective catiiode surface area as compared to tiie area of tiie 
surface 20 of cathode plate 1 2. As a result of tiie increased surface area, the local hydroxide concentration at tiie cath- 
ode surface is substantially reduced. 

25 Figures 2-6 provide representative process flow arrangements for balancing pH. ion concentration and liquid flow 
to minimize extreme process conditions and to limit the possibility of scale formation. 

Referring to Figure 2. a liquid flow path pattern is shown wherein concentrated electo-olyte liquid 24 is passed in 
series through ion concentrating compartments 22 while liquid to be purified 26 is passed in series through ion deplet- 
ing compartments 28. The ion depleting compartments 28 contain a mixture of anion and cation exchange resin beads. 

30 The ion concentrating compartments may also contain a mixture of anion and cation exchange resin. The ion concen- 
trating conipartments 22 and tiie ion depleting compartments 28 are bounded by anion permeable membranes; A. and 
cation permeable membranes, C. A third electrolyte liquid stream 30 is passed in series ttirough anode compartments 
32;and cathode compartment 34 containing electrically conductive material: Purified product 23 is recovered while con- 
centrate 25 and electrode liquid 27 are sent to waste or recycled to their respective inlets. 

35. / .^:.x. Referring to Figure 3. a liquid flow path pattern is shown wherein concentrated electrolyte liquid 40 is passed in 
series through anode compartment 32 and ion concenti-atlng compartments 22 while liquid to be purified 26 Is passed 
in series through ion depleting compartments 28. The ion concentrating compartments may also contain a mixture of 
anion and cation resin. The ion depleting compartments 28 contain a mixture of anion and cation exchange resin beads. 
The ion concentrating compartments 22 and the ion depleting compartments 28 are bounded by anion permeable 

40 membranes, Aj and cation permeable menrlbranes, C. A third electrolyte liquid stream 42 is passed through cathode 
compartment 34 containing electrically conductive material. Purified product 23 is recovered while concentrate 25 and 
electrode liquid 27 are sent to waste or recycled to their respective inlets. 

Referring to Figure 4. a liquid flow path pattern is shown wherein concentrating electrolyte liquid 44 is passed in 
series through anode compartment 32. ion concentrating compartments 22 and cathode compartment 34 containing 

45 electrically conductive material. Uquid to be purified 26 passes in series through Ion depleting compartments 28. The 
ion depleting compartments 28 contain a mixture of anion and cation exchange resin heads. The ion concentrating 
compartments may also contain a mixture of anion and cation exchange resin. The concentrating compartments 22 and 
the ion depleting compartments 28 are bounded by anion permeable membranes, A, and cation pameable membranes 
C. Purified product 23 is .recovered while concentrate and elertrode liquid 43 is sent to waste or recycled to its inlet 

so Referring to Figure 5, a liquid flow path pattern is shown wherein concentrated electrolyte liquid 24 is passed in 
series through ion concentrating compartments 22 and neutiral zone 33 while liquid to be purified 46 is passed in series 
through ion depleting compartments 28. The ion depleting compartments 28 contain a mixture of anion and cation 
exchange resin beads. The ion concentrating compartments may also contain a mixture of anion and cation exchange 
resin. The ion concentrating compartments 22 and the ion depleting compartments 28 are bounded by anion permea: 

55 ble membranes. A. and cation permeable membranes C. A third electi-olyte liquid sti-eam 30 is passed in series ttirough 
the anode compartment 32 and cathode compartment 34 containing electrically conductive material. Purified product 
23 is recovered while concentrate 29 and electrode liquid 27 are sent to waste or recycled to their respective inlets. 

Referring to Figure 6, a liquid flow path pattern is shown wherein concenti-ating electrolyte liquid 48 is passed in 
series ttirough ion concentrating conpartinents 22 while liquid to be purified, 46. is passed in series ttirough ion deplet- 
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ing Gompartmenls 28. The ton depleting compartments 28 contain a mixture of anion and cation exchange resin beads. 
The concentrating compartments may also contain a mixture of anion and cation exchange resia The concentrating 
compartments 22 and the ion depleting compartments 28 are bounded by anion permeable membranes, A. and cation 
permeable membrane C. A third electrolyte liquid stream 30 is passed in series through anode compartments 32 and 
cathode conpartment 34 containing electrically conductive materials. Purified product 23 is recovered while concen- 
trate 25 and electrode liquid 27 are sent to waste or recycled to their respective inlets. 

Referring to Rgure 7. the effect of the present invention on pH at ttie cathode is illustrated schematically For pur- 
poses of clarity in Figure 7. the conductive material present in the cathode compartment are not shown. In fact the 
cathode compartment 50 Includes electrically conductive materials in contact with cathode plate 52. The ion depleting 
compartment 54 contains ion exchange resin beads 56 and is bounded by anion permeable mernbrane. A. and cation 
pemieable membrane, C. Hydronium ions pass through membrane C so as to reducepH at the membrane surface 58 
in cathode compartment 50. During the purification process hydroxide ion Is produced at the cathode surface 58. When 
conductive material is not present all the hydroxide ion is produced at the cathode surface 58 resulting in high local pH 
illustrated by the solid line 60. With the presence of electrically conductive material, not shown, in the cathode compart- 
ment 50 the hydroxide ion is produced over the high surface area of the conductive material resulting in tiie lower local 
pH at the cathode surface 58 illustrated by the dotted line 62. The effect of the lower conductive material, not shown* in 
the cathode conpartment 50 is to change the local surface pH from the vajues iDustrated by the solid fine 60 to the val- 
ues illustrated by the dotted line 62. 

Refen-ing to Figure 8, the cathode compartment 64 and anode compartment 66 fiinclfon as ion concentrating com- 
partments. The aqueous liquid to be purified 68 passes tiirough ion depli^lng compartment 70 Including an anion per- 
meable membrane A and a cation permeable membrane. C and including ion exchange resin beads 72, Aqueous liquid 
74 for accepting ion species, e.g. CI" and Na"^ is passes serially tiirough anode compartnvent 66 and eatiiode compart- 
ment 64 containing electron conducting particles and is discarded as stream 76. Purified aqueous liquid 78 is recovered 
as product. 

Claims 

1 . A process fbr purifying an impure aqueous liquid to remove ionic species in an electrodeionization apparatus by 
passing said impure aqueous liquid through at least one ion depleting compartment bounded by an anion perme- 
able membrane and a cation permeable membrane and containing ion exchange resin beads and passing water 
or other aqueous liquid to accepting said ionic species tiirough at least one ion concentrating compartment 
bounded by an anion pemneaWe membrane and a cation permeable membrane while producing an electrical 
potential between a cattiode compartment and an anode compartment and passing electrical current tiirough each 
of said at least one ion depleting compartment and through each of said at least one ion Concentrating compart- 
ment, tiie mettiod being characterised by including in said cathode compartment particles capable of conducting 
electrons. 

2. The process of daim 1 , wherein said particles capable of conducting electrons comprise metal particles. 

3. The process of daim 1 , wherein said particles capable of conducting electrons comprise carbon particles. 

4. The process of daim 1, wherein said partides capable of conducting electrons comprise a mixture of carbon par- 
ticles and metal particles. 

5. The process of any one of daims 1 . 2. 3 or 4, wherein said electrodeionization apparatus indudes a plurality of ion 
depleting compartment and a plurality of ton concentrating compartinents, 

6. A process for purifying an impure aqueous liquid to remove ionic spedes in an electrodeionization apparatus by 
passing said impure aqueous liquid through an ion depleting compartment bounded by an anion penneable mem- 
brane and a cation permeable membrane and containing ion exchange resin beads and passing water or other 
aqueous liquid for accepting said ionic species through an anode compartment induding an anion permeable 
membrane and a cathode compartment including a cation permeable membrane while produdng an electrical 
potential between said cathode compartment and said anode compartment and passing electrical cun^ent through 
said ton depleting compartment, ttie method being characterised by induding in said cathode compartment parti- 
cles capable of conducting eledrons. 

7. The process of claim 6. wherein said partides capable of conducting electrons comprise metal partides. carbon 
partides. or a mixture containing metal and carbon particles. 
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8. The process of claim 6 or claim 7, wherein said electrodeionization apparatus Includes a plurality of ion depleting 
compartment and a plurality of ion concentrating compartments. 

9. Apparatus constructed and adapted to perform the process of any of daims 1 to 8. characterised in that the cath- 
5 ode compartment includes particles capable of conducting electrons, such as cartx)n particles, metal particles or 

a mixture thereof. 

10. The process of any of claims 1 to 4 and 6 or the apparatus of claim 9, which ernplpys at least one ion depleting 
compartment, and said anode and cathode compartment - or one of them - being ananged to serve as an ion con- 

70:^ centrating compartment. 
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